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Robust Wiener Filtering for Adaptive Optics

Lisa A. Poyneer

1. Adaptive Optics Signal Processing

In many applications of optical systems, the observed field in the pupil plane has a non-uniform
phase component. This deviation of the phase of the field from uniform is called a phase aberration.
In imaging systems this aberration will degrade the quality of the images. In the case of a large
astronomical telescope, random fluctuations in the atmosphere lead to significant distortion. These
time-varying distortions can be corrected using an Adaptive Optics (AO) system, which is a real-
time control system composed of optical, mechanical and computational parts. Adaptive optics is
also applicable to problems in vision science, laser propagation and communication. For a high-level
overview, consult this web site.1 For an in-depth treatment of the astronomical case, consult these
books.2,3

Our experimental data is from Lick Observatory on Mt. Hamilton, near San Jose, CA. The
120-inch (3-meter) Shane telescope has an AO system which was developed by LLNL and is jointly
maintained with the observatory. In the Lick AO system the phase aberration is measured using
a wave-front sensor (WFS). The sensor divides the pupil of the telescope into smaller sections
called subapertures, by a small array of square lenslets. Each lenslet forms a spot image of the
reference source on a small region of a CCD. As the phase aberration of the field in the subaperture
changes, the spot moves. This motion is directly related to the spatial slope of the phase across
the subaperture. By estimating this movement of the spot in both directions on the CCD, the x-
and y-slopes of the wavefront in the subaperture can be estimated. These slopes are then sent to
a reconstruction algorithm, which generates the phase across the entire pupil based on the local
slopes. This reconstructed phase is then applied to a flexible optic which conjugates the phase
aberration of the field. This process is done in closed loop and at rates of up to 500 Hz. Full
telemetry of the WFS slope estimates is available in bursts of 4096 consecutive time steps.

For this final project, we will focus in on a single area of the AO system: the WFS measure-
ments. In this case the slope telemetry data provides a noisy measurement of the phase aberration
which the system is either observing in open-loop or correcting in closed-loop. This measurement of
phase slope through time and across the pupil is important for many areas of my research. For this
project I will not discuss what I will do with the estimated slopes for my research. I will instead
focus on the best way to filter these noisy measurements using filtering techniques as covered in
EEC 263 and the literature for this final project.

2. Robust Wiener Filtering

Our standard model for signal estimation is that we observe the linear combination of two real-
valued, zero-mean, uncorrelated wide-sense stationary random processes being the signal s(t) and
the noise n(t). The power spectral densities (PSDs) of both of these processes exist and are known
as S(ω) and N(ω). We observe the noisy signal as y(t) = s(t) + n(t). In this case, the optimal

1



linear filter to estimate s(t) from y(t) is the Wiener filter. In the IIR case (which is the only one
we consider in this project) the optimal linear filter h(t) such that

ŝ(t) =
∫ ∞
−∞

y(τ)h(t− τ)dτ, (1)

is specified to have a frequency response H(ω) related to the PSDs of the random processes as

H(ω) =
S(ω)

S(ω) + N(ω)
. (2)

This is somewhat an abuse of notation since H(ω) is the Fourier Transform of h(t) and S(ω) is the
Fourier transform of the autocovariance function of the random process s(t), but it is consistent
with the literature. See the book by Hayes4 for a thorough treatment for the theoretical basis of
Wiener filtering. In most real situations the exact PSDs of the signal and noise are not known,
hence the optimum filter cannot be designed.

The robust filtering approach uses the framework of a class of possible signal and noise PSDs.
An exact PSD is not available, but may be known to be a member of some defined class. We define
the general classes as S for the signal and N for the noise. Given the classes, and some constraints
upon them, a robust estimation filter can be derived. The robust estimator is a filter that is not be
optimum for the nominal case, but provides acceptable performance for the non-nominal case. For
Wiener filtering this approach is summarized in a tutorial paper5 by Kassam and Poor. In-depth
examination of specific types of classes occurs in papers by Kassam and Lim6 and Poor.7 In all
cases, the framework used is that of minimax. The filter is chosen such that its maximum error
for any signal in the class is the minimum over all filters. The robust filter has the best worst-case
performance of all possible filters.

Note that though equations presented in this report (and in the literature) assume the most
general case of continuous random processes of infinite extent, my actual simulations and data
analysis are on finite-length sampled data. In this case I am post-processing sampled data of length
4096 samples. Because I am not faced with computational constraints, I will use the IIR Wiener
filter under the assumption that my sampled data series are periodic every 4096 samples. This allows
the optimal filters to be directly obtained from the estimated PSDs, which are is turn obtained
with the Discrete Fourier Transform. The filters are applied in the frequency domain to the Fourier
transform of the input signals.

A. PSD classes

In order to get the robust filter, it is necessary to define the classes from which the signal and noise
PSDs can be drawn. Given the WFS data which is observed, I have chosen a single type of model,
with two variations. I used the bounded class model (or band model), which is, as Kassam and
Lim note, reasonable for the case of PSDs estimated from real data. It is also reasonable given the
underlying physics, which will be discussed below.

In this model, upper and lower bounds are placed on the signal and noise PSDs. For the signal,
upper and lower bounds on the PSD are specified such that

S ≡ {S(ω) |SL(ω) ≤ S(ω) ≤ SU (ω)} , (3)
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where SL(ω) is the lower bound and SU (ω) is the upper bound. For Kassam and Poor, a second
constraint is added on the total power in any member of the class such

SP ≡
{

S(ω)
∣∣∣∣SL(ω) ≤ S(ω) ≤ SU (ω) and

1
2π

∫ π

−π
S(ω)dω = σ2

s

}
, (4)

where σ2
s is specified. The noise classes N and NP are likewise specified, with the bounds NL(ω)

and NU (ω) and power σ2
n.

In the more general case discussed by Poor, the only constraint on the class is that it is convex.
A convex set can be defined in the general case as a subspace where the line connecting any two
points is also in that subspace. Or more directly, for all x, y ∈ C, where C is the class, for all
t ∈ [0, 1], tx + (1 − t)y ∈ C. The bounded class model is convex, and the proof is short. At any
frequency ω a member of the bounded class is bounded from above and below as L ≤ x ≤ U . Since
t ∈ [0, 1] we obtain

tL + (1− t)L ≤ tx + (1− t)y ≤ tU + (1− t)U, (5)

which becomes
L ≤ tx + (1− t)y ≤ U, (6)

and the convexity is shown.
A specific model for the bounded classes S and N is needed to derive the robust filters. This

model is based on both real observations and theoretical analysis of atmospheric phase distortions.
A good model for the temporal power spectrum of WFS measurements of the atmosphere is that the
true slope measurements follow a temporal power law. For an in-depth discussion of the underlying
physics, see Chapter 3 of Hardy.2 Depending on whether low-order correction is applied in the
system, very low temporal frequencies may fall short of the true power law. This power law is
parameterized by a constant r0 which describes the power of the turbulence. This parameter is
known to fluctuate on all time scales in the atmosphere. In addition, the true PSD may deviate
somewhat from the power law. The noise on the measurements arises from noise on the CCD and
is nominally to be temporally uncorrelated. The portion due to photon noise will vary with time
as the number of received photons varies. The read noise portion due to the CCD itself will remain
relatively constant. A bounded model was constructed for both the signal and noise PSDs. For
these simulations, the nominal signal PSD for uncorrected atmospheric turbulence is

SN (ω) = r0(ω2)−11/12, (7)

where r0 is set to a baseline total power of 2πσ2
s . The upper and lower bounds are set as a bandwidth

around the nominal set by the parameter b ∈ [0, 1), such that

SL(ω) = (1− b)SN (ω), SU (ω) = (1 + b)SN (ω). (8)

The noise class is likewise defined with the same parameter b, where the nominal noise PSD is

NN (ω) = C, (9)

with a baseline total power of 2πσ2
n. It is also assumed that the classes are distributed such that

over a large random sampling for a specific b, the mean PSDs will approach the nominal PSDs
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SB(ω) and NB(ω). This allows the use of a nominal filter derived from the sample mean (which is
what would be done with experimental data) as a comparison filter to the robust filter.

For the power-constrained classes SP and NP , any member can deviate from the nominal, but
deviations that produce more power at a specific frequency must be compensated for by deviations
at other frequencies with lower power. Since this power conservation is not necessarily reasonable
given the behavior of the atmosphere, the non-power constrained class S and N will also be consid-
ered. In the following subsections the robust filters will be derived. In the power constrained case,
the results of Kassam and Lim allow a direct calculation of the robust filter given their formulae.
In the non-power constrained case, the general approach of Poor is applied to our specific case.

B. Robust filter for the power constrained model

Kassam and Lim derived the exact robust filter for the power-constrained bounded class model.
This section summarizes their results and applies them to our model. A discussion of the behavior
of the robust filter follows.

The first step in deriving the robust filter is to find the least-favorable PSDs SR(ω) and NR(ω).
The robust filter for the whole class is the optimal Wiener filter for this specific case. The filters
are formed by examining the ratios of the signal and noise PSDs and solving for the required total
power. The least-favorable PSDs are found by partitioning the frequency axis into specific sets
based on ratios of PSDs. Kassam and Lim present four different decompositions depending on the
structure of the signal and noise PSD class. For both our observational data and the simulation
model for a range of SNRs, the PSD class will fall into their case (b) of Theorem 1 (see p. 176 of
their paper).

First the frequency axis is partitioned into four disjoint sets based the PSDs and the value of a
parameter k. This parameter k is compared to the three different ratios of the signal power to the
noise power. These three signal-to-noise metrics (SNRs) are the best possible SNR SU (ω)/NL(ω),
the worst possible SNR SL(ω)/NU (ω) and the lower SNR SL(ω)/NL(ω). In particular, the sets,
which are a function of the parameter k are defined as

β2(k) ≡
{

ω

∣∣∣∣k ≤ SL(ω)
NU (ω)

}
, (10)

β1(k) ≡
{

ω

∣∣∣∣ SL(ω)
NU (ω)

< k ≤ SL(ω)
NL(ω)

}
, (11)

α1(k) ≡
{

ω

∣∣∣∣ SL(ω)
NL(ω)

< k ≤ SU (ω)
NL(ω)

}
, (12)

α2(k) ≡
{

ω

∣∣∣∣ SU (ω)
NL(ω)

< k

}
. (13)

These four sets completely cover the frequency axis. A sample decomposition (for a case similar to
that of our model) is shown in Fig. 1.

The value of k is found by solving the following equation, which integrates the PSDs over these
segments.

k =
2πσ2

s −
∫
β2(k) SL(ω)dω −

∫
α2(k) SU (ω)dω

2πσ2
n −

∫
β2(k) NU (ω)dω −

∫
α2(k) NL(ω)dω

. (14)
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Fig. 1. For a given k, shown by the red line, the frequency axis is partitioned into four sets, based on the
three SNR metrics.

This equation balances out the power in the different regions.
Once this k is found, the least-favorable PSDs are given by the following equations, where the

PSDs Se(ω) and Ne(ω) and non-negative and satisfy Se(ω) = kNe(ω),

SR(ω) =


SL(ω) ω ∈ β2(k)
SL(ω) + Se(ω) ω ∈ β1(k)
kNL(ω) + Se(ω) ω ∈ α1(k)
SU (ω) ω ∈ α2(k)

, (15)

NR(ω) =


NU (ω) ω ∈ β2(k)
1
kSL(ω) + Ne(ω) ω ∈ β1(k)
NL(ω) + Ne(ω) ω ∈ α1(k)
NL(ω) ω ∈ α2(k)

. (16)

Now the robust filter is simply the Wiener filter for the least-favorable PSDs,

HR(ω) =
SR(ω)

SR(ω) + NR(ω)
. (17)

Based on the specifications given above for the least-favorable PSDs, the filter is simply

HR(ω) =


SL(ω)

SL(ω)+NU (ω) ω ∈ β2(k)
k

k+1 ω ∈ β1(k), ω ∈ α1(k)
SU (ω)

SU (ω)+NL(ω) ω ∈ α2(k)
. (18)
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Fig. 2. The robust filter (red line) is composed of different parts. It is the optimal Wiener filter to the least-
favorable PSDs. For β2(k), it follows the Wiener filter for the worst SNR. For α2(k) it follows the Wiener
filter for the best SNR. In the middle it has a constant value connecting the two.

This means that where the signal is strongest, ω ∈ β2(k), the filter is pessimistically assigned to the
lowest possible SNR scenario. In the middle, ω ∈ β1(k), ω ∈ α1(k) the filter is constant, set by the
k value. In the noise band, ω ∈ α2(k), the filter is set to the best SNR. This is illustrated in Fig. 2
This robust filter corresponds to a conservative approach to the SNRs at various frequencies. The
optimal Wiener filter can be written as

H(ω) =
1

1 + 1/SNR
. (19)

When the SNR is high, the filter gain approaches one. When the SNR is low, the gain approaches
zero. In this high region, the robust filter guards against the possibility that the SNR is lower
than expected by lowering the gain. In the low SNR region, the robust filter guards against the
possibility that the SNR is higher than expected by raising the gain.

C. Robust filter for the non-power constrained model

In this more general case the minimax problem has not been solved explicitly. The framework of
Poor is necessary and solve the problem (either numerically or analytically) for our specific case.

Given the convex classes S and N , the least-favorable spectral pair (SR(ω), NR(ω)) is defined
as the pair for which the error for that pair when optimally filtered is the maximum over all pairs
from the entire class. Then the robust filter is simply the optimal Wiener filter HR(ω) for this pair.
(Kassam and Lim solve the specific case of this as described above.)
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In this case, since the classes are convex, the maximization can be solved. However, to make
this tractable, we will further constrain our model to make the members of the class S satisfy the
condition that given nominal PSD SN (ω), any member of the class is

kSN (ω), k ∈ [1− b, 1 + b], (20)

and for N , with nominal PSD NN (ω),

lNN (ω), l ∈ [1− b, 1 + b]. (21)

We call this new class pair (SB,NB). This model assumes that the temporal structure of the signal
and noise PSDs remains constant, but the total power can fluctuate. Given this model, finding the
least-favorable PSDs reduces to solving maximization

maxk,l

∫ ∞
−∞

klSN (ω)NN (ω)
kSN (ω) + lNN (ω)

dω. (22)

This maximization is derived from the formula for the MSE of Wiener filtering.
Solving this maximization problem leads to the solution that SR(ω) = (1 + b)SN (ω) and

NR(ω) = (1 + b)NN (ω). This makes the robust filter be the same as the Wiener filter for the
nominal spectra

HR(ω) =
SN (ω)

SN (ω) + NN (ω)
. (23)

This result is quite different from the previous case with the power constrained. In this case the
robust filter is actually the nominal Wiener filter.

D. Summary

The bounded spectral class model (S,N ) is used for our signal estimation problem. It assumes
that the nominal signal PSD is a power law in temporal frequency and that the nominal noise PSD
is a constant. The upper and lower bounds on the classes are defined by a bandwidth parameter
b ∈ [0, 1) such that the upper bound is (1 + b) times the nominal and the lower bound is (1 − b)
times the nominal. For the power-constrained case of Kassam and Poor (SP ,NP ), any member
of S has the same total power as the nominal, and likewise for the noise class. Using the results
of Kassam and Lim, the robust filter can be found. In our case it has the structure that at low
frequencies (where the SNR is highest) is follows the Wiener filter for the worst-possible SNR case.
At mid-range frequencies (and middle SNRs) the filter is constant. At high frequencies (where the
SNR is lowest) the filter follows the best possible SNR response. This results in a filter that is
conservative in both bands.

If the power constraint is disregarded and instead we assume that any member of S and N is
simply a scaling of the nominal PSD (limited of course by the upper and lower bounds), we can
derive the robust filter following Poor. In this case (SB,NB) the robust filter is exactly the Wiener
filter for the nominal PSDs.

In reference to experimental data, there are now two possible approaches. It is first necessary
to estimate the nominal PSD and its bounds from the data. Given these bounds, we can assume
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(SP ,NP ) and find the robust filter given the upper and lower bounds on the PSDs. Or we can
assume (SB,NB) and find the robust filter from the mean PSDs. In the next section we study the
behavior of these two different robust filters given the signal classes to address the question of which
approach might be most useful for our experimental data.

3. Simulation Results

Simulation is used to explore the performance of the robust filters for measurements with spectral
uncertainty, as described above. This section addresses the comparative performance of the different
robust filters for three PSD models. This performance depends on the model distributions. The
impact of the estimation of PSDs from data to obtain the filters is also studied.

The majority of simulations were done at an SNR of 10 with the sum of S(ω) = 500 and
the sum of N(ω) = 50 (which is close to the Lick experimental data) . Some experiments were
repeated at SNR of 2 with S(ω) = 100. Two different distributions for the power-constrained
classes (SP ,NP ) and one for (SB,NB) are used in simulations. For (SP ,NP ) the realizations of the
PSDs were created with the following model

Si(ω) = (1 + k(ω))SN (ω), k(ω) ∼ IID Uniform[−b, b], (24)

and
Ni(ω) = (1 + l(ω))NN (ω), l(ω) ∼ IID Uniform[−b, b], (25)

then adjusted slightly by a multiplicative factor to meet the power constraint. (The random numbers
were created for positive ω and reflected to preserve the symmetry of the PSDs.) The second version
had k(ω) and l(ω) as scaled cosines with a random frequency and phase shift,

Si(ω) = (1 + k(ω))SN (ω), (26)

k(ω) = b cos(2πω/T1) T1 ∼ IID Uniform[100, 500], (27)

and
Ni(ω) = (1 + l(ω))NN (ω), (28)

l(ω) = b cos(2πω/T2 + φ), T2 ∼ IID Uniform[200, 1000], φ ∼ IID Uniform[0, 2π), (29)

again with slight modifications to ensure the power constraint. These two models represent different
ways the PSDs can vary from the nominal. In the first case, each frequency varies independently.
In the second case the variations at different frequencies are correlated. These are primarily useful
as a way to get a useful subset of the total class. For the nonconstrained case the model as specified
above (in Eq. 20) was directly implemented, with the multiplicative constant uniformly distributed
between [1− b, 1 + b].

In the following results the white-noise distributions are referred to as Random. The sin-based
distributions are Sin and the non-power constrained are ‘Noncon’. The robust filter for (SP ,NP ) is
called Robust, the robust filter for (SB,NB) (which is of course the nominal Wiener filter) is called
Nominal and the actual Wiener filter for the specific PSD realizations is called TrueOpt.
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A. MSE space exploration

Given the spectral classes and the robust filters, we can calculate the MSE of estimation for a given
spectral pair and an arbitrary filter. This MSE is

MSE =
1
2π

∫
Sa(ω) |1−Ha(ω)|2 + Na(ω) |Ha(ω)|2 dω, (30)

for any signal and noise PSDs (Sa(ω), Na(ω)) and filter H(ω). This is calculated numerically as the
sum of the sampled PSDs.

Given these spectral models, the Robust and Nominal filters can be calculated once. Then 10,000
realizations from the spectral distributions are created. For each realization pair, the TrueOpt filter
is determined. Then the MSE of estimation for each of the three filters is calculated. These results
are then saved for each trial.

This is a simple Monte Carlo approach to examining the performance of the various filtering
options for the spectral models. In each case a large number of realizations is used to adequately
sample the class space. For each realization the true optimal MSE of estimation is compared to
what would be obtained if the either of the two robust filters were used. Note that the Robust
is derived only for the power-constrained model, but is applied to both models, and Nominal is
derived for the unconstrained model only but also applied to both.

These trials were conducted for b = .25 and b = .5, both at the SNR of 10 in terms of total
power, as specified above. For both the Random and Sin distributions of the power-constrained
model (SP ,NP ), the Nominal filter significantly out-performed the Robust filter. I verified that in
the specific case of the least-favorable PSDs, Robust does outperform Nominal, but it should, since
it is the Wiener filter solution in this case. Given these probability distributions for the classes, it is
clear that the set of PSD pairs which are unfavorable is actually very small. One of the assumptions
that motivates robust filtering is that performance for the nominal filter falls off rapidly as the PSDs
diverge from the nominal (see Kassam and Poor, for example). This does not appear to be the case
here. Plots comparing the MSEs are shown in Figs. 3 and 4 for the b = .5 case. In the non-power-
constrained model (SB,NB) Robust did well for a small portion of phase space: it performed better
than Nominal about 10% of the time. But for most cases it performed worse. This is an allowable
result. The robust framework only says that for PSDs other than the least-favorable, the robust
filter (which in this case is Nominal) does well, but other filters may do better.

So under all three distributions, the best filter to use is the Nominal filter. These simulations
were repeated for an SNR of 2, and the results were similar. This, however, assumes that the
nominal, lower and upper bound PSDs are all known for both the signal and the noise. In real
data processing these PSDs are not known but are estimated from the data itself. A second useful
simulation set to do is to estimate the PSDs from a small set of observations.
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Fig. 3. For thousands of random PSD pairs from the power-constrained models Random and Sin, the optimal
MSE with Wiener filtering is compared to the MSE for the Robust filter and the Nominal filter. In all cases
the Nominal filter has lower MSE than the Robust filter.
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Fig. 4. For thousands of random PSD pairs from the non-power-constrained model ‘Noncon’, the optimal
MSE with Wiener filtering is compared to the MSE for the Robust filter and the Nominal filter. In most
cases the Nominal filter has lower MSE than the Robust filter.
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B. Performance with estimated PSDs

For this simulation, which examines the affects of having to estimate the PSDs from observational
data, a similar approach was used to the above. In this case a small number of random PSDs pairs
were generated. For each pair, a single random noisy signal realization was produced. Using these
signals, the PSDs were estimated.

First the overall PSD of signal plus noise was estimated using the averaged periodogram
method, which is the standard method of averaging the magnitude-squared of the DFTs of all the
signals. Then the constant noise PSD was fit to the mean of the high-frequency periodogram. The
lower and upper noise bounds were fit to the same region as the mean PSD minus or plus the
sample standard deviation of the periodogram at those frequencies. Using the uncorrelatedness of
the two PSDs, the noise PSDs were then subtracted from the total mean, lower and upper PSDs.
Absolute value was taken to guard against negative results. No smoothing was done, as this tends
to corrupt the lowest-frequency results due to the power law.

This PSD estimation procedure of course has uncertainty and possibly systematic errors. The
first error is that the true nominal signal PSD is usually over-estimated at the highest frequencies
where the noise predominates. Second, finding the lower and upper bounds is somewhat problematic.
Each individual periodogram is a noisy estimate of the true PSD (for that individual case) and it
deviates from the nominal PSD by both inherent variation in the PSD (due to the model) and the
signal realization noise. This makes the lower and upper bound estimates more uncertain.

It is worth noting that this method of spectral estimation for the nominal PSD is reasonable,
though perhaps given some more information about the true PSDs a parametric method might give
less-noisy estimates. We have not implemented such an estimation technique at this time. There
is most likely a better method than the basic approach for the lower and bound described above.
However, since the Robust filter in almost all cases performed poorly, estimating these bounds is
not a priority.

These PSD estimates are then used in the Monte Carlo simulation. Given the spectral estimates
from the data, the Robust and Nominal filters are derived for the data set. Now each spectral pair
is re-visited and the MSE of estimation is calculated for the true PSDs (again termed ‘OptTrue’)
and the data-based Robust and Nominal filters. As done in the previous subsection, the MSEs are
compared. These results for an SNR of 10 and b = .5 are shown in Figs. 5 and 6. For only 50 random
samples from the PSD classes, Robust filter performance is quite poor and Nominal also suffers.
Much better spectral estimates are obtained for the 500 random samples case. In comparison to
the Monte Carlo simulations where the exact robust filters were known, the Robust estimated from
data does slightly worse than the true Robust filter in the 500 case. The Nominal filter from 500
samples is at the same level of MSE as the true Nominal filter. Given the extra uncertainty in the
spectral estimates for the lower and upper bounds, the fact the the Robust filter performs less well
in comparison to the ideal is to be expected.
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Fig. 5. For a set of either 50 or 500 random PSD pairs from the power-constrained models Random and Sin,
the optimal MSE with Wiener filtering is compared to the MSE for the data-based Robust filter and the
Nominal filter. In all cases the Nominal filter has lower MSE than the Robust filter. Better spectral estimates
and performance are obtained for larger sample sizes.
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performance are obtained for larger sample sizes.
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C. Summary

Monte Carlo simulations for a three PSD models (two for power-constrained and the specific non-
constrained model used for the second robust filter) were conducted. For random PSD pairs from
the classes, the simulations compared the optimal MSE achievable to the MSEs of the Robust and
Nominal filters. When the exact model PSDs are known, the Nominal filter provides only slightly
worse performance than the optimal. The Robust filter almost always does worse. This conclusion
holds for all three models at SNRs of 5 and 10 and b = 0.25 and 0.5. This result is due to the
underlying structure and distributions of the PSD models. Given these models, the performance of
the Nominal filter does not degrade rapidly enough for deviations from the nominal to make the
Robust filter useful.

The second set of simulations explored calculating the Robust and Nominal filters from PSDs
as estimated from small data sets. In this case the estimate of the nominal (mean) PSDs is less noisy
than that of the lower and upper bounds. Unsurprisingly, as the number of samples in the data
set increases, the performance of both robust filters improves. The Nominal filter still out-performs
the Robust, and its performance approaches that of the true Nominal filter faster.

These simulations indicate that, assuming any of these models for the PSDs of the signal and
noise are reasonable, the best approach to robust filtering is to use the Nominal filter derived from
the mean signal and noise PSD estimates.
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Fig. 7. Estimated PSDs (mean and upper and lower bounds) for experimental data over a set of 28 measure-
ments.

4. Observational Results

Open-loop WFS data for the Lick system was taken on March 10, 2004. Telemetry of slope measure-
ments from 28 subapertures over 4096 consecutive time steps was taken in several trials. These
slopes are correlated measurements of the temporally evolving phase. Given these measurements,
the Robust and Nominal filters are estimated from the data. This is a fairly small sample size, so
we expect the PSD estimates to be noisy.

The estimated model PSDs are shown in Fig. 7. At very low frequencies the signal PSD does
not follow a power law like in our model. The PSD estimates are quite noisy at high frequencies.
These results conform to the parameters used in the simulation analysis above in terms of SNR, b
and overall PSD shapes. The filter derived above are both applicable to this model. The ratio of the
Robust and Nominal filters is plotted in Fig. 8. The two filters differ primarily in that the Robust
filter has slightly lower gain in the mid-range of frequencies for moderate SNRs and much higher
gain at the noisiest frequencies. This translates into signal estimates that, in the Robust case, follow
the high-frequency oscillations of the noisy measurements more closely.

16



0

0.5

1

1.5

2

1 10 100 1000

R
at

io
 o

f F
ilt

er

k-number

Ratio of Filters for cent028

Robust to Mean
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lower. At high frequencies, which are dominated by noise, the gain is much higher.
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5. Conclusions

The framework of robust filtering in the face of spectral uncertainty has been examined for our
specific case of WFS measurements from an Adaptive Optics system. Given two different reasonable
models for the classes of signal and noise PSDs, the robust filters were derived. Both models assume
that the PSDs and bounded from above and below by finite functions. If the total power of any
class member is constrained, the robust filter can be derived using the formulae of Kassam and
Lim. The Robust filter is pessimistic and lowers the filter gain in high-SNR regions, while increasing
the gain in low-SNR regions. If the total power is not constrained, the approach of Poor, with an
added assumption about the scaling of the nominal PSD, produces a robust filter which is simply
the Wiener filter for the nominal case.

Both these filters were examined in simulation. Monte Carlo simulations show that for our
models of class distribution using a power law for the signal PSD and constant noise , the Nominal
filter performs very well, and almost always outperforms the Robust filter. Further Monte Carlo
simulation examined the case of estimating the PSDs from a small set of observations. The estimate
of the mean PSD is less noisy, and the performance of the Nominal filter is better than the Robust,
especially as sample sizes become small.

Finally, real observations from the Lick AO system were examined. The power spectra for
these data are similar to that of the models, differing only at low frequencies by having less power
than the power-law model. The robust filters were calculated, and the Robust filter differs from the
Nominal primarily is having much higher gain at high frequencies, where noise dominates, which
is not desirable.

Why doesn’t the Robust filter provide a higher level of performance in our simulations? The con-
struction of the robust filter assumes that for non-nominal PSDs, the performance of the nominally-
optimal Wiener filter degrades rapidly. In the three classes that we examined in this project, that
was definitely not the case. The Robust filter does perform better than the Nominal in a few cases,
but these rarely occur. This is most likely due to the large differences in signal and noise power
in the different bands. In our models (and in our experimental data) the high SNR regions have
very high SNR, and the low SNR regions have very low SNR. The pessimism of the robust filter is
therefore misguided.
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